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V\VWHP LQ RUGHU WR PDNH ZLQGRZV DQG JOD]HG IDFDGHV G\QDPLFDOO\ DGDSWDEOH LQ WHUPV RI YLVXDO DQG WKHUPDO
SURSHUWLHV WRH[WHUQDOFRQGLWLRQV7KHQRYHOOLTXLGVKDGHGG\QDPLFV\VWHPLVPDGHSRVVLEOHE\WKHFUHDWLRQRIDQ
DGGLWLRQDOPPWKLFN OD\HUKRVWLQJD VOLGLQJ VKLHOGLQJ OLTXLGZKLFK IORZV LQWHUQDOO\ LQRUGHU WRFRQVWLWXWH DQ
LQIUDUHG UDGLDWLRQ EDUULHU DGDSWDEOH WR UHDO QHHGV ,Q ERWK FRQILJXUDWLRQV WKH SURSRVHG VROXWLRQ PDLQWDLQV LWV
WUDQVSDUHQF\EXWFDQDFWHLWKHUDVDVKLHOG WRVXQOLJKWZKHQSXW LQ WKH ORZVRODU WUDQVPLWWDQFHVWDWHRUDVDFOHDU
WUDQVSDUHQWHQYHORSHZKHQRSHUDWHGLQLWVKLJKVRODUWUDQVPLWWDQFHFRQILJXUDWLRQ

3UHYLRXV UHVHDUFK IRFXVHGRQSK\VLFDOFKHPLFDO SUREOHPV LQRUGHU WR LGHQWLI\ WKHPRVW VXLWDEOH OLTXLGPL[WXUH








ZKROH HQJLQHHULQJ RI WKHZLQGRZZDV FDUULHG RXWZKLFK LQFOXGHV WKH FKRLFH RI WKH IUDPH WKH GHVLJQRIPLFUR











LQWHUQDO VKDGLQJGHYLFHV DQG LQWHJUDO EHWZHHQJODVV VKDGLQJ V\VWHPV >@6RPHRSWLRQV IRU H[WHUQDO VKDGLQJ DUH




,Q DGGLWLRQ JODVV FRDWLQJV WKDW FDQPRGLI\ WKH RSWLFDO DQG WKHUPDO SURSHUWLHV RI JODVV DUH JHQHUDOO\ DGRSWHG
5HOHYDQWH[DPSOHVZKLFKDUHDOVREHLQJZLGHO\PDUNHWHGDUHVRODUFRQWURODQGORZHPLVVLRQJODVVVWUDWLILFDWLRQV








DUH WUDQVSDUHQWHOHFWURQLFFRQGXFWRUVZKLFKHQFDVHDFRXQWHUHOHFWURGH OD\HUDQGDQHOHFWURFKURPLF OD\HUZLWKDQ
LRQFRQGXFWRUOD\HUEHWZHHQWKHP$ORZYROWDJHFDQEHDSSOLHGDFURVVWKHFRQGXFWRUVPRYLQJWKHLRQVIURPWKH
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FRXQWHUHOHFWURGH WR WKHHOHFWURFKURPLF OD\HU WKHUHE\ WLQWLQJ WKHDVVHPEO\5HYHUVLQJ WKHYROWDJHPRYHV WKH LRQV
IURP WKH HOHFWURFKURPLF OD\HU EDFN WR WKH FRXQWHUHOHFWURGH OD\HU UHVWRULQJ WKH GHYLFH WR LWV SUHYLRXV FOHDU VWDWH
>@+RZHYHUHOHFWURFKURPLFJOD]LQJIRUDUFKLWHFWXUDODSSOLFDWLRQVLVQRWDEOHWRUHDFKDOLIHWLPHORQJHUWKDQ
\HDUVDFFRUGLQJWRDQXPEHURIDJLQJWHVWVGXHWRIDVWGHJUDGDWLRQXQGHUF\FOLQJ,QDGGLWLRQFXUUHQWUHVHDUFKLV




2WKHU WHFKQRORJLHV DUH SUHVHQWO\ XQGHU GHYHORSPHQW $PRQJ WKH PRVW LPSRUWDQW RQHV ZH FLWH OLTXLG FU\VWDO
VZLWFKDEOH JOD]LQJ ZKLFK DUH DOVR FRQWUROOHG HOHFWURQLFDOO\ >@ 7KLV ODPLQDWHG XQLW FRQWDLQV WZR 39% ILOPV
HQFORVLQJ D WKLQ ILOP HQFDVLQJ WLQ\ OLTXLG FU\VWDOV DQGZLUHG WR D SRZHU VXSSO\:KHQ WKHUH LV QRSRZHU WR WKH
JOD]LQJWKHOLTXLGFU\VWDOVDUHUDQGRPO\VFDWWHUHGDQGOLJKWLVGLIIXVHGLQDOOGLUHFWLRQV:KHQDQHOHFWULFFXUUHQWLV
DSSOLHGEHWZHHQWKHWZRFRQGXFWLYHFRDWLQJV WKHOLTXLGFU\VWDOVDOLJQQHDWO\DQGOLJKWSDVVHV WKURXJKLW UHODWLYHO\
XQREVWUXFWHG$OWKRXJKXVHIXOIRUSULYDF\FRQWUROOLTXLGFU\VWDOJOD]LQJGRHVQRWSURYLGHHQHUJ\ILOWHULQJ

,QVHUWLQJ VLOLFD DHURJHO JUDQXOHV WKURXJK DQ DXWRPDWHG DQG UHYHUVLEOHPHFKDQLFDO GHYLFH EHWZHHQ JODVV SDQHV











&OLPDWH IDFDGHVZLWKDPHFKDQLFDOO\YHQWLODWHGDLUJDSKDYHEHHQ WHVWHGE\FRPSDULQJ WKHLUSHUIRUPDQFHZLWK




























LQQHU FDYLW\ZLWKRXW OHDYLQJ IUDJPHQWV VXFK DV GURSV SRZGHU HWF RQ WKH LQQHU VXUIDFHV RI WKH HQFDVLQJ JODVV
OD\HUV7KHOLTXLGZDVREWDLQHGE\EOHQGLQJGLIIHUHQWVXEVWDQFHVWKDWZRXOGDVVXUHLWWRZRUNSURSHUO\XQGHUF\FOLQJ
DQGUHSHOOHQWJODVVHVWRLWVPDLQFRPSRQHQWZHUHLQGLYLGXDWHG$GGLWLYHVZHUHDGGHGWRORZHUDVPXFKDVSRVVLEOH




ZLQGRZ FDYLW\ ZKHQ VRODU VKLHOGLQJ LV QHHGHG DQG SXPSLQJ LW EDFN ZKHQ VRODU JDLQV VKRXOG EH PD[LPL]HG
2YHUIORZVDUHOHIWQRWRQO\DERYHWKHOLTXLGWDQNVEXWDOVRDERYHWKHOLTXLGOD\HURIWKHZLQGRZ$JDVLVLQVHUWHGLQ








JLYHQ WKDWEXLOGLQJVXVXDOO\QHHG WR VKLHOGVRODUFRQWULEXWLRQVDQGUHGXFH WKH WKHUPDO ORDG WREHH[WUDFWHGE\ WKH






























SHUPLW WKHPDLQWHQDQFH RI HDFK HOHPHQW VHSDUDWHO\ 7KH V\VWHPZDV SRZHUHG E\ D ORZ YROWDJH HOHFWULFDO FLUFXLW
ZKLFKDOORZVWKHSDVVDJHRIHOHFWULFLW\RQO\LIZLQGRZLVFORVHGWKDQNVWRDQKLGGHQFRQWDFW

)LQDOO\ WKH WKLUGVWHS LVXS WRD³IUDPHDVVHPEOHU´ZKRFORVHV WKHZLQGRZIUDPHHQVXULQJ WKH LQFOXVLRQRIDOO
FRPSRQHQWVSUHYLRXVO\PDQXIDFWXUHG$ E\PRSHUDEOHZLQGRZZDVDVVHPEOHG LQRUGHU WRFKHFNZKDW
PRGLILFDWLRQV WR WKH IUDPH GULOOLQJ DQG PLOOLQJ ZHUH QHFHVVDU\ IRU WKH VXEVHTXHQW LQFOXVLRQ RI WKH DFWXDWLRQ
V\VWHP
'HYHORSPHQWRIWKHIXOOVFDOHSURWRW\SH
7KHSKDVHVRI WKHSURGXFWLRQSURFHVV VXFK DVPHWDOZRUNLQJ DQGDVVHPEO\RIJODVVZHUH FDUULHGRXWZLWK WKH
FRRSHUDWLRQRIORFDOFRPSDQLHVVSHFLDOL]HGLQVSHFLILFDUHDVDQGLGHQWLILHGWKURXJKPDUNHWDQDO\VHV












7KH SURGXFWLRQ VWHSV UHTXLUHG ILUVW WR SURGXFH WKH WKUHH JODVV SDQHV WKH WZR VWDLQOHVV VWHHO FRQGXLWV DQG WZR






















ILWWLQJ DQG WZR WKUHHZD\ WDSV2WKHU WZR WDSV DQGRQH7ILWWLQJZHUH LQVHUWHG LQ WKH XSSHUSDUW RI WKH FLUFXLW WR
FRQQHFWWKHXSSHUFRQGXLWZLWKWKHWZRWDQNVDFWLQJDVRYHUIORZ$HUDWLRQSURYLGHGIRUWKHV\VWHPKDVWKHLPSRUWDQW
DQG QRW QHJOLJLEOH WDVN WR HQVXUH WKDW DOO WKH OLTXLG IORZLQJ RSHUDWLRQV WDNH SODFH DW DWPRVSKHULF SUHVVXUH WKXV
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5.4. Window frame 
7KHIUDPHUHTXLUHGVRPHPLOOLQJRQWKHWRSDQGERWWRPRIWKHFDVLQJDQGWKHGULOOLQJRIWKHPRXQWLQJEUDFNHWVWR
DOORZWKHSDVVDJHRIWKHWXEHV$OORSHQLQJVDUHGHVLJQHGWREHFORVHGE\PHDQVRIWKHIUDPHUDLOVFRPPRQO\XVHG
IRU VFUROOLQJ WKH FORVLQJ ERDUGV DFWLYDWHG E\ KDQGOH ,Q WKLV ZD\PDLQWHQDQFH RSHUDWLRQV ZLOO EHPDGH SRVVLEOH
VLPSO\VOLGLQJWKHFRYHUV7DQNVDQGFRQQHFWLRQVEHWZHHQHOHFWULFDOSDUWVFDEOHVSLSHVWDSVILOWHUILWWLQJVSXPS
ZHUH LQFOXGHG LQ WKH IUDPHDQGDOO WKH UHODWHG OLQNVZHUH UXQ)LQDOO\JODVV VWUDWLILFDWLRQZDV LQVHUWHG WKH IUDPH
FORVHGKDQGOHPRXQWHGSXPSZUDSSHGZLWKVRXQGDEVRUELQJPDWHULDODQGDOOWKHDFFHVVLEOHRSHQLQJVZHUHFORVHG
/DERUDWRU\WHVWVRIWKHSURWRW\SH
6.1. Operation and reversibility tests 
7KHWHVWZDVSUHSDUHGE\SODFLQJWKHIUDPHLQDYHUWLFDOSRVLWLRQWKHWZRWDQNVZHUHILOOHGZLWKOLTXLGWKURXJK
WKHERWWRPWDSVXVLQJDV\ULQJHDQGNHHSLQJ WKHZLQGRZRSHQ3URYLGLQJSRZHU WR WKHFLUFXLW WKHSURWRW\SHZDV
DOVRVXEPLWWHGWRVRPHF\FOHVLQRUGHUWRUHFRUGWKHWLPHUHTXLUHGIRUILOOLQJDQGHPSW\LQJ8VLQJD9DFWXDWLRQ
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)LJ6QDSVKRWVUHFRUGHGGXULQJWKHHPSW\LQJSKDVH





2Q SUHYLRXV WHVWV RQ D  [  FP SURWRW\SH WKH PD[LPXP GHIOHFWLRQ YDOXH UHFRUGHG ZDV  PP LQ
FRUUHVSRQGHQFHRIFPRUGLQDWHSRLQW6XFKGHIRUPDWLRQHQWDLOVRQWKHRQHKDQGDGLIIHUHQWJUDGDWLRQRIFRORXU
GXH WR WKHGLIIHUHQW WKLFNQHVVRI WKHFDYLW\RQ WKHRWKHUKDQGDQ LQFUHDVH LQ WKHDPRXQWRI OLTXLG WREHXVHGEXW
HVSHFLDOO\LWLVQRWFRPSDWLEOHIRUSRVVLEOHIXWXUHXVHRQODUJHUVWUXFWXUDOIDFDGHVRIEXLOGLQJV

7KH GHVLJQ VROXWLRQ WHVWHG LQ WKLV UHVHDUFK SKDVH FRQVLVWV RI LPSUHVVLQJ D QHJDWLYH VWUDLQ RQ WKH JODVV SDQHV
ZKLFKPD\FRXQWHUDFWWKHSRVLWLYHK\GURVWDWLFSUHVVXUH7KHLGHDLVWRXVHDQRWKHUSXPSWRH[WUDFWDLUIURPLQVLGH
WKHDLUOD\HUFRQWDLQLQJWKHOLTXLG,QWKLVZD\WKHOLTXLGDOZD\VLQWURGXFHGIURPEHORZXSZDUGVZLOOJRXSGXHWR
GHSUHVVLRQ LQVLGH WKHFDYLW\JRLQJ WRRFFXS\ WKH VSDFH OHIWE\ WKHDLU7KHSURWRW\SHZDVHTXLSSHGZLWKERWK WKH
SXPSLQJV\VWHPVWREHWHVWHGVHSDUDWHO\WKHSXPSIRUOLTXLGSRVLWLRQHGEHORZFRQQHFWHGZLWKWKHWDQNVFRQWDLQLQJ
WKHOLTXLGDQGWKHSXPSIRUDLUH[WUDFWLRQIL[HGRQWKHWRSDQGFRQQHFWHGZLWKWKHXSSHUFRQGXLW)LJ7KHWHVW
LQYROYHG D VHTXHQFH RI FDYLW\ ILOOLQJ DQG HPSW\LQJ WDNHQ DOWHUQDWHO\ ZLWK ERWK SXPSLQJ V\VWHPV $ 9
WUDQVIRUPHUZDVXVHGIRUWKHSXPSRSHUDWLQJZLWKOLTXLGDQGD9WUDQVIRUPHUIRUWKHSXPSH[WUDFWLQJDLU







7KHDLUSXPSLQJV\VWHP LQVWHDGZRUNHG LQGHSUHVVLRQDQGVXFKDLU UHPRYDO IURPFDYLW\SURGXFHGDQHJDWLYH




+HQFHDSRVVLEOHVROXWLRQWR WKHH[FHVVLYHGHIRUPDWLRQSUREOHPPD\OLH LQDQDSSURSULDWHFRXSOLQJRI WKHWZR
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$OWHUQDWLYHO\ LW LV DOVR IHDVLEOH WR LPDJLQH D V\VWHP ZKLFK SURYLGHV D VLQJOH SXPS ZRUNLQJ LQ GHSUHVVLRQ
FRXSOHGWRDQHOHFWURYDOYHORFDWHGQHDU WKHERWWRPFRQGXLW'HSUHVVLRQVKRXOGEHJHQHUDWHGVRDV WRILOOHYHQWKH
XSSHUFRQGXLWRQFHILOOHGLQWKHJODVVFDYLW\DQGWKHXSSHUFRQGXLWNHHSLQJWKHHOHFWURYDOYHFORVHDQGUHYHUVLQJWKH
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